Isopentenyl pyrophosphate isomerase, farnesyl pyrophosphate synthetase, and geranylgeranyl pyrophosphate synthetase were detected in cell-free extracts of Bombyx mori and were partially purified by hydroxyapatite and Sephadex G-100 chromatography. Two forms of farnesyl pyrophosphate synthetase were chromatographically separated. They were designated as farnesyl pyrophosphate synthetases I and II in the order of their elution from hydroxyapatite. Both enzymes catalyzed the exclusive formation of (£,£>farnesyl pyrophosphate from isopentenyl pyrophosphate and either dimethylallyl pyrophosphate or geranyl pyrophosphate. However, they were not interconvertible, unlike the enzyme from pig liver. These two enzymes resembled each other in pH optima and molecular weights but differed in susceptibility to metal ions. Farnesyl pyrophosphate synthetase II was stimulated by Triton X-100 while synthetase I was inhibited by the same reagent.
MATERIALS AND METHODS
Materials-[1 -"CJIsopentenyl pyrophosphate was a product of Amersham. Non-labeled allylic pyrophosphates were the same preparations as used in the previous study (7) . Fifth-instar 3-dayold larvae of Bombyx mori were provided by Dr. M. Yoshida, Department of Agriculture, Tohoku University. Fourth-instar 1-day-old larvae grown exclusively on an artificial diet were a gift from Mr. Nishiyama, Miyagi-ken, Sangyo-shikenjo.
Enzyme Assay-The enzyme was assayed by determination of the amount of [l- 14 C]isopentenyl pyrophosphate (1 mCi/mmol) converted into acidlabile materials. In a standard assay for prenyltransferase activity, the incubation mixture contained, in a final volume of 1.0 ml, 20 //mol of Tris-maleate buffer, pH 7.0, 25 nmol of an allylic pyrophosphate, 25 nmol of [lu C]isopentenyl pyrophosphate 10 /umol of 2-mercaptoethanol, 10 /imol of KF, 2 /nnol of MgCU, and a suitable amount of enzyme protein. After the mixture had been kept at 37°C for 3 h, 0.3 ml of 1 M HC1 was added to the reaction mixture to terminate the enzymatic reaction. To complete the hydrolysis of the products the mixture was kept at 37°C for 15min. Then the hydrolysates were treated with hexane under alkaline conditions. The enzyme activity was expressed as the radioactivity in the hexane extracts. In a standard assay for isopentenyl pyrophosphate isomerase activity, the incubation mixture contained, in a final volume of 1.0 ml, 20 //mol of Tris-maleate buffer, pH 7.5, 0.1 /tmol of MnCl,, 25 nmol of [l- 14 C]isopentenyl pyrophosphate, 10 /ntiol of 2-mercaptoethanol, 10 //mol of KF, and a suitable amount of enzyme protein. After the mixture had been incubated at 37°C for 3 h, 0.1 ml of 1 M NaOH was added to terminate the enzymatic reaction. The free alcohols produced by the action of phosphatases which had been present in the enzyme preparation were extracted thoroughly with ether. Then 0.5 ml of 1 M HC1 was added to the reaction mixture followed by incubation at 37°C for 15min to hydrolyze the «nzymatic products. The hydrolysates were treated with ether under alkaline conditions. The enzyme •activity was expressed as the radioactivity in the ether extracts.
Enzyme Purification-Fifth-instar 3-day-old larvae of Bombyx mori (100 g) whose silk gland and gut had been removed by dissection were minced with a pair of scissors and were then homogenized with Polytron for an appropriate time in 100 ml of 10 mM phosphate buffer, pH 7.0, containing 10 mM 2-mercaptoethanol and 1 mM EDTA. The homogenate was centrifuged at 12,000 x g for 30 min. The supernatant was centrifuged at 100,000 xg for 30 min. The resulting supernatant was fractionated with ammonium sulfate, and the protein fraction precipitating between 30 and 80% saturation was desalted by passage through a Sephadex G-25 column (3.2x60 cm) which had been equilibrated with 10 mM phosphate buffer, pH 7.0, containing 10 mM 2-mercaptoethanol. The protein fraction was then applied to a hydroxyapatite column (2.8 x 41 cm) equilibrated with the same buffer. Elution was performed with a linear gradient of 10 to 350 mM phosphate buffer (total volume, 1,400 ml, Fig. 2 ). The fractions having activities of isopentenyl pyrophosphate isomerase, farnesyl pyrophosphate synthetase I, and geranylgeranyl pyrophosphate synthetase (fractions 50 to 65 in Fig. 2 ) were collected and concentrated to approximately 7 ml by ultrafiltration through a PM 10 membrane (Amicon Co. Ltd.). Fractions 79 to 102 in Fig. 2 , which contained farnesyl pyrophosphate synthetase II, were also collected and concentrated to approximately 7 ml by ultrafiltration through a PM 30 membrane. Each of the concentrated fractions was applied to a 2.6 x 107 cm Sephadex G-100 column equilibrated with 10 mM phosphate buffer, pH 7.0, containing 10 mM 2-mercaptoethanol and 1 mM EDTA, and the elution was performed with the same buffer (Figs. 3 and 4 , respectively). The fractions of isopentenyl pyrophosphate isomerase, farnesyl pyrophosphate synthetase I, and farnesyl pyrophosphate synthetase II were stored frozen at -20°C until use.
RESULTS

Identification of the Products Derived from the
Reaction with the Crude Extracts-When the supernatant fraction after 100,000 x g centrifugation was incubated with [l- enzyme solution contained a large amount of endogenous phosphatase(s) as well as prenyltransferase(s). The radioactive materials were identified as (£,£>farnesol and (is.is.ZO-geranylgeraniol by thin layer chromatography as shown in Fig. 1 . This fact indicates that the crude extracts contain geranylgeranyl pyrophosphate synthetase as well as farnesyl pyrophosphate synthetase. These enzymes were also detected in the cell-free extracts from fourth-instar 1-day-old larvae grown exclusively on artificial diet.
Purification of Enzymes-Farnesyl pyrophosphate synthetase activity was separated into two distinct peaks in the hydroxyapatite chromatography as shown in Fig. 2 . They are designated as farnesyl pyrophosphate synthetases I and II in the order of their, elution. Isopentenyl pyrophosphate isomerase and geranylgeranyl pyrophosphate synthetase were eluted in fractions overlapping with those of farnesyl pyrophosphate synthetase I. For further purification, fractions having activities of farnesyl pyrophosphate synthetase I as well as isopentenyl pyrophosphate isomerase and geranylgeranyl pyrophosphate synthetase were combined and chromatographed on a Sephadex G-100 column (Fig. 3) . Separation of farnesyl pyrophosphate synthetase I from isopentenyl pyrophosphate isomerase was achieved by this chromatography. However, the peak corresponding to geranylgeranyl pyrophosphate synthetase was not observed, probably because of its denaturation during the chromatography. Farnesyl pyrophosphate synthetase II was also purified by gel filtration through Sephadex G-100 (Fig. 4) . From the elution volume of the Sephadex G-100 column, the molecular weights of farnesyl pyrophosphate synthetases I and II were estimated to be both approximately 65,000.
When the crude enzyme extract was chromatographed on a DEAE-cellulose column, farnesyl pyrophosphate synthetases I and II were eluted in the reverse order as shown in Fig. 5 .
Farnesyl pyrophosphate synthetases I and II were not interconvertible, unlike the two forms of farnesyl pyrophosphate synthetase from pig liver (8) (9) (10) . When the fractions having activity of farnesyl pyrophosphate synthetase I in the DEAEcellulose chromatography (fractions 165 to 190, in Fig. 5 ) were combined and chromatographed on hydroxyapatite, the farnesyl pyrophosphate syn.-thetase activity was located at the same elution volume as that for synthetase I observed in the chromatography shown in Fig. 2 (data not shown) . In a similar way, farnesyl pyrophosphate synthetase II from the DE-52 chromatography was located at the elution volume corresponding to synthetase II in hydroxyapatite chromatography (data not shown).
Properties of Isopentenyl Pyrophosphate Isomerase-Isopentenyl pyrophosphate isomerase of silkworm showed a maximum activity at the pH range of 7 to 8 in Tris-maleate buffer. The apparent K m value for isopentenyl pyrophosphate obtained from a Lineweaver-Burk plot was 20 /IM. The molecular weight was estimated to be approximately 35,000 by gel filtration through Sephadex G-100 as shown in Fig. 3 . Figure 6 Fig. 2 ). Fractions containing 4.8 ml were collected and aliquots (O.I ml) were assayed. O, isopentenyl pyrophosphate isomerase activity; •, famesyl pyrophosphate synthetase activity assayed with geranyl pyrophosphate as the allylic substrate; , absorbance at 280 nm.
dependence of the isomerase activity on metal ions. Mn'+ was a better activator than Mg I+ , especially at low concentrations.
Properties of Farnesyl Pyrophosphate Synthetases I and II-The pH optima of silkworm farnesyl pyrophosphate synthetases I and II were 7.0-8.0 and 6.0-7.5, respectively, as shown in Fig. 7 . Figure 8 shows the metal ion requirements for both of the prenyltransferases. Farnesyl pyrophosphate synthetase I was activated by Mg Fig. 4 . Sephadex G-100 chromatography of the hydroxyapatite purified famesyl pyrophosphate synthetase II (fractions 79 to 102 in Fig. 2 ). Fractions containing 4.8 ml were collected and aliquots (0.1 ml) were assayed.
• , famesyl pyrophosphate synthetase activity assayed with geranyl pyrophosphate as the allylic substrate;
, absorbancc at 280 nm. more effectively than Mn 1+ in a concentration range above 1 mM, at which the optimum enzymatic activity was observed. On the other hand, Mn 1+ was a better activator for farnesyl pyrophosphate synthetase II.
The effectiveness of dimethylallyl pyrophos- phate and geranyl pyrophosphate as allylic substrates was examined at various concentrations (Fig. 9) . For farnesyl pyrophosphate synthetase I, geranyl pyrophosphate was a better substrate than dimethylallyl pyrophosphate, showing about twice as much activity as that of dimethylallyl pyrophosphate throughout the concentrations tested. On the other hand, for farnesyl pyrophosphate synthetase II, dimethylallyl pyrophosphate showed almost equal activity to that of geranyl pyrophosphate at a concentration of 25 /<M. Furthermore, at a high concentration of 50 HM the reactivity of dimethylallyl pyrophosphate exceeded that of geranyl pyrophosphate. The apparent K m values of farnesyl pyrophosphate synthetases I and II for geranyl pyrophosphate were determined to be 3.2 and 5.1 /<M, respectively. Figure 10 shows the effect of the concentration of isopentenyl pyrophosphate on-the reaction velocities of the two types of farnesyl pyrophosphate synthetase at a fixed geranyl pyrophosphate concentration of 25 /*M. The apparent K m values for isopentenyl pyrophosphate of farnesyl pyrophosphate synthetases I and II were estimated from Lineweaver-Burk plots to be 3.7 and 20 /IM, respectively.
A marked difference between the two farnesyl pyrophosphate synthetases was observed in the effect of Triton X-100. Figure 11 shows the effect of Triton X-100 on both of the enzyme activities. Addition of 0.05% Triton X-100 to farnesyl pyrophosphate synthetase I caused approximately 50% inhibition. On the other hand, farnesyl pyrophosphate synthetase II was activated about 1.8 times by 0.05% Triton X-100.
DISCUSSION
Isopentenyl pyrophosphate isomerase, farnesyl pyrophosphate synthetase, and geranylgeranyl pyrophosphate synthetase were detected in cell-free extracts from larvae of Bombyx mori and were partially purified. The possibility that these enzymes might be derived from the dietary mulberry leaves (Morus bombycis K.) is excluded because the Fig. 11 . Effect of Triton X-100 on the velocities of reactions of famesyl pyrophosphate synthetases I and n. Enzyme activity was assayed with geranyl pyrophosphate as the allylic substrate in the presence of various concentrations of Triton X-100. O, famesyl pyrophosphate synthetase I activity; •, farnesyl pyrophosphate synthetase II activity. The enzymatic activity when Triton X-100 was absent from the reaction mixture was taken as the standard value of 100.
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These enzymes showed many properties different from those of the corresponding enzymes isolated from mammalian sources. The rather broad pH optimum at the pH range of 7 to 8 of isopentenyl pyrophosphate isomerase from silkworm is different from that of pig liver enzyme, which shows a maximum activity at pH 6.0 to 6.6 (11) (12) (13) . The molecular weight of the isopentenyl pyrophosphate isomerase is less than half of that from pig liver (72). Although the isomerase was activated more effectively by Mn !+ than Mg I+ at concentrations lower than 2 raM, the activity reached a plateau at a concentration of 2 mM of Mg 1+ , showing a comparable value to that obtained with Mn'+.
Two forms of farnesyl pyrophosphate synthetase were chromatographically separated. However, they were not convertible to each other, unlike the corresponding enzyme from pig liver (8) (9) (10) . Moreover, the two enzymes (I and II) showed many different properties in pH optima, metal ion requirement, and substrate specificity including K m values for isopentenyl pyrophosphate. The most interesting difference between the two farnesyl pyrophosphate synthetases lies in the effect of Triton X-100 on the enzymatic activity. Although farnesyl pyrophosphate synthetase I is inhibited by Triton X-100, farnesyl pyrophosphate synthetase II is activated by the same detergent, like the enzyme from a bacterium, Bacillus subtilis (14) , or the microsomal enzyme from pig liver (15) . These facts suggest that the two farnesyl pyrophosphate synthetases from silkworm are not the pseudoisoenzyme forms which result from intramolecular disulfide formation and reduction (8, 10) but may be attributable to a difference in subcellular compartmentation. Comparative studies with respect to the substrate specificity of these farnesyl pyrophosphate synthetases will by discussed in connection with the biosynthesis of juvenile hormone in an accompanying publication (16) .
